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Theory of Muon-Decay 

In the limit of small momentum transfer rn 
p-decay described using approximation 
of 

>> g : 

Decay Asymmetry: 

polarized positive muons emit the 
decay positron preferably in the 
direction of the muon spin 

- 1 + 1/3 Pp C O S @  
d r  

d cos@ 

x = is the reduced positron energy 
Emax 

E'max X O S X S I  

tmax 

Kai U. Kohler, €-Mail: kai.koehler@psi.ch 



Eidgenossische 
Technische Hochschule 
Zurich Insiitufe for Particle Physic 

Obsevavbles in Ithe Decay of Polarized Muons: 
Polarization Components of the Positrons 

1 77 3x + q"(3x - 4) - - .  _. q - ) ( l - X )  
yT,(x) - - 222-3x+x; 2 3 -- 2x 

A mon-zerc~ LFf-2 yiolates 
t ime reversal invairiance : 
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Matrix element for Muon Decay 

y labels the type of interaction: r = 4-scalar 
r v  = 4 - t ~ ~ ~ = t ~ ~  
rT = 4-,tensor 

E+ indicate the chiralities of the spinors of the observed 
(charged) leptons. 
n,m indicate the chiralities of the neutrinos, which are uni- 
quely determined for given ? , E  and p. 

Measuring PT1 y'ields the  low energy parameter q 
without the suppression factor ,FL . 

I n  the Standard Model: 

g7p = 0 (all other interactions) 
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Beyond the Standard Model 
If one assumes tlhat there is one additional coup- 
ling, a non-standard result for PT would correspond 
t o  a non-zero gifit.  

knowing t h a t  Q”-d qYLmi, 
one deduces: 0.1 

Assuming g&+o and % 

0 

L - 
-0.1 

-0.2 
0 

current I i m its 

&- 
0.2 0.4 0.6 0.8 I 

reduced enenrgy X 

exr,erimental aim 

(PT,) = 0.016 rfr 0.02:L ‘1 

= 0.007 rfr 0.022 ‘1 A(PT~) = 0.003 

(PL) = 1.00 zk 0.042) 

1): H. Burkhard et  al., 1985, 2): average for several experiments 
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Main Scientific Interests, 
Motivation for the Experiment at PSI 

1. search for !=I w ~~~~~~~ s ~~~~~~~ v -A :: 
assuming tlhe presence of one addditional 
coupling, thte coupling constant g& can be 
determined from the Michel parameters q and 

a non-zero P violates time reversal invariance ! 

P' A 
I ~~~~~~~~~~ : 

T2 

-11 
-13 

contributions to (2)2;  AT^: 8-10 
Amb; 6-10 
A q ' ;  1,6-10-8 

'y~ can be determined via measurement of PTI 

-+ measure P and P 
TI T2 

+ measure pL as a check of consistency 
and to complete the polarization vector 
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PT 

(P 

PL 

Experimental Methods for measuring 

Posit rotis ’ Pol a r iza t ion Vector 
13 3 Cornpotnewts of the 

T i m e  dependence of annihilation 

Remnant pSR effect 

Spat ia l  dependence of annihilation 

pe+ = 

with 3 s inuu0taneo~~ and indepwdent measurements: 

1): pSR = “Muon Spin Rotation” 
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Setup off the Experiiment and Principle of Measurement 
-, 

--% 

% 

@ : Beryllium stop target within spin precession magnet 

@ : magnetized Vacoflux foil within iron return yoke 

calorimeter consisting of 127 BGO crystals 
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Me!asuremenk of I P,I 

using the 

simulations of photon intensity 
distributions on BGO - wall : 

Assumptions: 

P,@45', E = E  =lOMeV, 
Yl Y2 

e' - poBarisation in magn. foil =loo% 
/P,/=(3 

1 
time spectrum for a given AY 

A and a are functions of PT, and PT2 

o : frequency of muon spin precession 
t : time between stop of muon and its decay 
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Determination of the Phase Cp of P, 

pSW Effect is used to find the direction of the muam spin 

Time signal seen by the BCOs 
0.05 

0.03 . 10 20 30 40 

t Ens1 

:"-I At t - 16 ns the muon spin I 
points in positive x direction 

0.05 

'1 0.03 10 20 30 40 

t [nsl 

-> determination of "time zero", resp. the Phase CP 
of the transverse polarization 
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Measurement of the Longitudinal Polarization 
using information about position 
on magnetized Vacoflux foil 
(determined by tracks reconstructed 
from drift-chamber data) 
where annihilations take place 

area on foil taken into account: 1402 mm2 

area divided into rectangular bins ( ij ), 
17 bins in x- and y-direction, respectively 

Tracks that do not hit the center 
of the foil 'see' a longitudinal component PL,- 
of the polarization of the electrons in the foil. 

This PL,- can eithelr be parallel or anti-parallel' 
to the positron polarization : 

anti-parallel parallel 
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Measurement of the Longitudinal Polarization 
The annihilation cross section depends on the relative 
orientation of the spins of positrons and electrons in the foil. 
It is larger if both spins are anti-parallel. 

nzT nQ 
Asymmetry: A g  = N- N+ 

- nzj nQ for positive foil polarization 

- -- - 
where nq -t 

N+ 
for positive polarization 

nz> N-: same for negative polarization 

: number of annihilations in bin ij 

: total number of annihilations N- -' 
€ 
6 a 

0.1 

0 

-0.1 

1 
I I 1 I I 1 I 1 I - 

-50 0 50 
-0.2 - 

angle a x-Positnon [mm] 

elektron polarization in foil (Pe- = 7.2 %) 
analysing power of 0.79 
background factor of 0.75 
(backgr. ratio 25 %, mainly due to bremsstrahlung) 
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The following Results are based on the 
Data from thle Datataking-Run in Fall 1999 

p+ stopped in1 target : 20 x 106 
e+ on magnetized foil : 

(star tco u n te rs) 
startcounters but not 

vetocsun ters : 

175 x IO3 

37 x 103 
events triggered as 

( T A A  AXBGO ACRU ) 
annihilations : 260 

about 18 days of datataking ... 
er of ~V~~~~ :: 

total no. of raw events recorded as annihilations : 
after all cuts 

( reconstructed track from target to foil, 
hit-info. of driftchambers to locate annihilation, 
kinematic consistency for annihilation events 
to exclude background ) 

used events 
( technical problem with a TDC, 
exclusion of run periods with changes in 
setup parameters ) 

240 x IO6 
27 x IO6 

11 XI06 
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Results: Longitudinal Polarization 

Asymmetry Aij 

angle a 
elektron polarization Pe- 
analysing power 
background factor 

I 

I I I I I I  1 1 I 1- 

0 50 
x-Position [mm] 

-7  
-50 
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Resu I ts : I at t le Time of Annihilation 

Log Likelihood parameter estimation leads to the 
following results for the two 

in the magnetized foil: 
Qr 

1 

0 20 40 
Energy [ MeV] 

1.. 

20 40 
Energy [ MeV] 

-0.5 1 
0 213 40 

Energy[ MeV] 

0 20 40 
Energy[ MeV] 
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Next Steps in Data-Analysis: 
How to get from PI ,& and (P to  lPTl9PT2? 

R,P2 : t ra  nsve rse po I a riza t ion com po n en t s  
a t  the time o f  annihilation 
in the global coordinate syst:em 

P!,? P$-2 : transverse polarization components 
a t  the time of muon decav 
reIat:ive t o  P ,  and k,+ 

Differential decay probability for an e+ 
emitted a t  an angle lof 8 = r/2 with respect to  P ,  : 

where x = E,+ /E,,,:, P ,  = PT~ 2 + PT2 ij + PL x̂  
( iE,iij, 2 :  muon rest system; P ,  1 1  2 ) 

Neglecting xo (electron mass), the transverse polarization 
components become 

!,9 ai 
9 4 .  - and These distributions are linear in q 9  
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Next Steps in Data-Analysis 

In  Monte-Carlo simulations, we generate positrons having 

polarization distributions Qi( ) i = :L..4 

For each i + 0 only one of  the four Michel Parameters is + 0: 

$1 : 70 == 0.4, a l l  others are = (3 
$2 : 7; == 0.4, a l l  others are = (3 
Q3 : 4J.4 = 0.25, a l l  others are = 0 
Q4 : P L / A  = 0.125, a l l  others are = 0 

+ The tracking of  the positrons and dealing wi th their pola- 
rization in the Monte-Carlo-simulations leads t o  distributions 
K ( x )  for the polarizaition a t  the time of annihilation. 

+ The  distribution V( ) as measured is f itted 
using the K ( x ) :  

4 

v(x) = caiv, 
i=O 

The resultin values for the ai yield the values for the MicheO 

rameters as determined by means of our data-taking. 

Kai U. Kohlefi E-Mail: kai.koehler@psi.ch 



Eidgenosslsche 
Technlsche Hochschufe 
Zurich lnstltute for Partlcle Physlc 

0 

-0.1 

-0.2 

Simulated Polarization Distributions Qi 

E E w E ~ . f l E I ~ C m  
- ' * # # # * # I  

- 

- 

I 1 -  

7 q o  = 0,4 7 7 

0 

5 
m 40 0 

Energy [MeV] 5 
40 

Energy [MeV] 

For each Qi: 200 times 600 000 generated events 

-h about 2,41406 events on FeCo foil 
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0.2 

Simulated Polarization Distributions Qi 

. 

' 

0 

-0. I 

-0.2 

0 40 
Energy [MeV] 

0.7 

0 

N 

N 
N . 

N 

0 a0 40 
Energy [MeV] 

0 2u 40 
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Test of the Method 

x2 method t o  fit the simulated distributions to  the  
measured one 

Test of the method and the fit: 

a 

a 

simulating polarization distributions ( “pseudo 
da ta ” )  for which the four Michel parameters 
take general (small, “unknown”) values 

f i t t ing the simulated distributions t o  the pseudo 
da ta  and see if the Michel parameters can be 
correctly ded mced 

For example, the following distribution was simu- 
lated for this purpose: 
60 times 5 -  lo5 events generated (+ “N 6 10 5 +  e on the foil) 

q =  - 5 7 , 0 4 0  -3 , q”=36,0*10 -- 3 , 
-3 

_. - -11,9 * 10 -3 a’/A = -13,l 10 , 
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Test of the Method 

5 
0.05 

0 

-0.05 

Energy [MeV] 

0 W 40 
Energy [MeV] 

Fit results: 

The ~2 of this fit is 18,6 
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Conclusion and Outlook 
Q Successful measurement of PL demonstrates that the 

apparatus is sensitive to polarization effects 
0 Determination of the Transverse Polarization PT at the 

time of annihilation based on the data taken in 1999; 
statistical errors in t,he range of thle previous exp. limits 

0 A method to deduce the actual components P1r.r and P T ~  
is being developed and has been cross-checked 

E==$> first measurement of all three positron polarization 
com po n e nits 

=c==- we will soon be able to set new limits 
on Michel parameters qy q " aYA, PYA, 
and on additional couplings beyond the Standard Model 

0 More Data was taken in Nov. 2000 : 
29 days of (datataking, 
sz 3 times higher event rate than in 1999 

1.37 x I O g  raw annihilation events recorded, 
= 13 times more "good" annihilations than in 1999 
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